Abstract. We conducted a pharmacokinetic (PK) study of mitoxantrone (Novantrone®), a clinically wellestablished anticancer agent, in mice and developed a mechanism-based PBPK (physiologically based pharmacokinetic) model to describe its disposition. Mitoxantrone concentrations in plasma and six organs (lung, heart, liver, kidney, spleen, and brain) were determined after a 5 mg/kg i.v. dose. We evaluated three different PBPK models in order to characterize our experimental data: model 1 containing Kp values, model 2 incorporating a deep binding compartment, and model 3 incorporating binding of mitoxantrone to DNA and protein. Among the three models, only model 3 with DNA and protein binding captured all the experimental data well. The estimated binding affinity for DNA (K DNA ) and protein (K macro ) were 0.0013 and 1.44 μM, respectively. Predicted plasma and tissue AUC values differed from observed values by <19%, except for heart (60%). Model 3 was further used to simulate plasma mitoxantrone concentrations in humans for a 12-mg/m 2 dose, using human physiological parameters. The simulated results generally agreed with the observed time course of mitoxantrone plasma concentrations in patients after a standard dose of 12 mg/m 2 . In summary, we reported for the first time a mechanism-based PBPK model of mitoxantrone incorporating macromolecule binding which may have clinical applicability in optimizing clinical therapy. Since mitoxantrone is a substrate of the efflux transporters ABCG2 and ABCB1, the incorporation of efflux transporters may also be necessary to characterize the data obtained in low-dose studies.
INTRODUCTION
Mitoxantrone (Novantrone®), a synthetic anthracenedione derivative, is a clinically well-established anticancer agent with a wide spectrum of antitumor activities (1) . Mitoxantrone has shown high efficacy in breast cancer, acute leukemia, and non-Hodgkin's lymphoma (2) . Marginal activity of mitoxantrone was observed in non-small cell lung cancer and cancer of the neck, liver, prostate, and bladder (3, 4) . In addition to its role as an anticancer agent, mitoxantrone also shows efficacy in the treatment of secondary progressive multiple sclerosis (5) . The main dose-limiting toxicity of mitoxantrone is myelosuppression. Mitoxantrone was originally synthesized and developed as a doxorubicin analogue with the aim of finding a cytotoxic agent with decreased cardiotoxicity compared with doxorubicin. Without the amino-sugar moiety at C9 on the parent molecule ( Fig. 1) , mitoxantrone shows comparable anticancer activity but considerably lower cardiotoxicity than doxorubicin. Moreover, several other toxicities such as gastrointestinal toxicity and stomatitis, although occurring frequently with doxorubicin, are uncommon with mitoxantrone.
The most studied potential mechanism for the cytotoxicity of mitoxantrone is through intercalation of the planar electronrich chromophore in the DNA, resulting in DNA crosslinking and strand breaks and the inhibition of DNA replication, DNAdependent RNA, and protein synthesis (6) . It has also been reported that mitoxantrone can inhibit topoisomerase II and consequently interferes with DNA repair (7, 8) . In addition to intercalation, electrostatic interaction of the side chains containing a basic amino group with the phosphate moiety of DNA has also been considered as one possible mechanism of action (9) .
The pharmacokinetics of mitoxantrone has been evaluated in many species. In both animal and human studies, mitoxantrone disappears rapidly from plasma with extensive tissue distribution (2, 6, 10, 11) . The reported half-life for mitoxantrone is controversial, with the values varying from 2.9 to 215 h (12) . Mitoxantrone only undergoes moderate phase I metabolism (20-35%) , with monocarboxylic and dicarboxylic acids of mitoxantrone identified as the major metabolite forms (13) . Although mitoxantrone and its metabolites are eliminated by both biliary and renal excretion, the former route is the predominant excretion pathway (13, 14) . Renal clearance only accounts for 10~30% of the total clearance in different species (6) . Similar to many other anticancer agents, ATP-binding cassette (ABC) efflux transporters are also involved in the transport of mitoxantrone. Many investigations have shown that mitoxantrone is a substrate of breast cancer resistance protein (BCRP, ABCG2) with high affinity and a substrate of Pglycoprotein (P-gp, ABCB1) with moderate affinity (15) .
Physiologically based pharmacokinetic (PBPK) modeling is a useful tool for evaluating and predicting the disposition of a compound of interest in various organs or tissues. A PBPK model is often considered as a mathematical representation of a biological system because it incorporates several independent physiological and biological parameters, such as tissue volume and organ blood flow (16) . Based on the fact that the concentrations in tissues may be more relevant than plasma levels for the pharmacological activities of many drugs, one advantage of PBPK models is that the drug concentrations in different tissues can be predicted and more importantly, drug concentrations in various human organs or tissues can be obtained through extrapolation. PBPK is especially useful for anticancer agents because they usually have extensive tissue distribution and the tissue concentrations are highly related to both their cytotoxic effects and toxicities.
PBPK models have been developed for many anticancer agents, including doxorubicin (17) , docetaxel (18) , methotrexate (19) (20) (21) , cisplatin (22) , and topotecan (23) . However, currently there are no PBPK models for mitoxantrone available in the literature. In the present study, we proposed several different PBPK models in order to capture the mitoxantrone concentration-versus-time data in plasma and six different tissues in mice. Three models were evaluated: model 1 incorporates Kp values, model 2 incorporates a deep compartment, and model 3, which is the most mechanism-based model, incorporates mitoxantrone DNA and macromolecule binding within tissues. Among the PBPK models that were evaluated, the most appropriate one, based on goodness-of-fit criteria, was used to simulate the plasma concentration-time course of mitoxantrone in humans.
MATERIALS AND METHODS

Chemicals
Mitoxantrone, ascorbic acid, sulfosalicylic acid, and triethylamine were purchased from Sigma (St. Louis, MO). Ametantrone, the internal standard, was a generous gift from the Drug Synthesis and Chemistry Branch, Development and Therapeutics Program, Division of Cancer Treatment and Diagnosis, National Cancer Institute (Bethesda, MD, USA). Citric acid was purchased from Fisher Scientific (Hampton, NJ). Phosphoric acid was obtained from EM Science (Gibbstown, NJ). HPLC-grade acetonitrile and sodium phosphate were obtained from J.T. Baker (Phillipsburg, NJ).
Mitoxantrone PK Studies in Mice
Male ND4 Swiss Webster mice (Harlan Labs, Indianapolis, IN) weighing 24-32 g were housed in a temperature-controlled environment with a 12-h light/12-h dark cycle and received a standard diet and water ad libitum. Mice were randomized according to body weight and administered an IV dose of 5 mg/ kg mitoxantrone by penile vein injection. Mitoxantrone was dissolved in saline at a concentration of 1.25 mg/ml and delivered as 4 μl/g body weight. At each time point (5, 15, and 30 min, and 1, 2, 4, 8, and 48 h), blood samples were taken by aortic puncture and centrifuged shortly after collection to separate plasma. To prevent oxidative degradation, 10 μl of 100 mg/ml ascorbic acid in 0.1 M citric buffer was added to each 200 μl of plasma sample. Heart, lung, liver, kidneys, spleen, and brain were removed immediately after blood collection. All samples were stored at −80°C until the time of HPLC analysis. Three to four mice were used for each time point in each group.
The animal study was approved by the Institutional Animal Care and Use Committee, University at Buffalo.
Mitoxantrone HPLC Analysis
The concentrations of mitoxantrone in the plasma and tissue samples from the mitoxantrone PK study were analyzed using a validated HPLC method which we recently published (24) . Liver, heart, kidneys, lung, spleen, and brain samples were homogenized in 100 mg/ml ascorbic acid in 0.1 M citric buffer (pH 3.0). In brief, 5 μl or 10 μl of 5 μg/ml ametantrone (I.S.) was added to 100 μl of plasma sample or 200 μl tissue homogenates, to a final concentration of 250 ng/ ml. An equal volume of sulfosalicylic acid and acetonitrile (25:75, v/v) was then added to precipitate proteins. After vigorous vortexing, the samples were centrifuged for 15 min at 16,000×g at 4°C. The supernatant (120 μl) was injected into the HPLC system. The HPLC analysis was carried out on a Nucleosil C18 (250×4 mm, I.D.) column (Macherey-Nagel, Easton, WA). The isocratic mobile phase consisted of 19:81 (v/v) acetonitrile: sodium phosphate (pH 2.3 with 0.1% TEA), at a flow rate of 1.0 ml/min. The system consisted of a Waters 1,525 pump, 717 plus autosampler, a 2,847 UV detector, and a Waters Breeze workstation. Mitoxantrone and the I.S. were detected at 610 nm with a retention time of 6.4 and 4.2 min, respectively. The standard curve was linear over the concentration range of 5-1,000 ng/ml in plasma and 12.5-2,500 ng/ml in tissue homogenates. The lower limit of quantification of mitoxantrone was 5 ng/ml in plasma and 12.5 ng/ml in tissue homogenates.
Mitoxantrone PBPK Model Development
Global Model. The global (whole body) PBPK model was developed with mitoxantrone data from six organs, namely lung, heart, spleen, liver, kidney, and brain (Fig. 2) . Mitoxantrone concentrations in other organs which were not determined, such as muscle, fat, bone, intestine, and skin, were included in the "remainder" compartment. The PBPK model fittings for mitoxantrone PK and tissue distribution in mice were performed in ADAPT 5 (version 5, Biomedical Simulations Resource, Los Angeles, CA). All physiologic parameters used in current study for the three models that were evaluated are listed in Table I . The values of the organ weights are the actual organ weights measured directly in the current study. Since our mice weighted on average 27.4 g, organ blood flow (Qi) was scaled from literature data for a 25 g mouse (25) using the following equation:
where BW 1 is the standard body weight of mice (25 g ) and BW 2 is the actual mean body weight of mice used in current study (27.4 g ).
Local Model. Although the structure of the global model is the same, we proposed three different local models for mitoxantrone in each organ (Fig. 3) .
Model 1
In this local model, a well-stirred model was used for perfusion-limited organs (heart, liver, kidney, brain, spleen, and lung). A model incorporating the permeability surface area product was included for those organs with low permeability (the remainder compartment). Equations for well-stirred non-eliminating organs were:
Equations for permeability-limited organs were:
where abbreviations represent mitoxantrone concentrations in tissue (Ct) and plasma (Cp), tissue blood flow (Qt), tissue volume (Vt), tissue to plasma partition coefficient (Kpt), permeability surface area product (PSt), unbound fraction of mitoxantrone in plasma (fu), tissue concentration in the interstitial fluid (Ct, ISF ) and tissue cells (Ct,c), extracellular volume (Vt, ISF ), and intracellular volume (Vt,c).
The partition coefficient (Kp) for each tissue was calculated by following equation:
where AUC is the area under the concentration-time curves from 0 to 48 h. AUC values were determined by the trapezoidal rule.
Model 2
Since mitoxantrone was extensively distributed to and only slowly eliminated from tissues, we proposed a model with a deep binding compartment. In this model, each organ was first separated as extracellular and intracellular space. The intracellular compartment was further divided into two compartments and the intracellular interaction occurred by slow exchange of cell-internalized mitoxantrone with a deep binding compartment; these processes were characterized by first-order rate constants (k ass and k dis ; Fig. 3 ).
Equations for model 2 which include a deep tissue compartment:
In the above equations, ISF, c 1 , and c 2 represent the interstitial space, intracellular compartment 1, and intracellular compartment 2 (i.e., deep pool), respectively. k ass is the first-order association rate constant and k dis is the first-order The organ volume in each tissue was calculated based on literature data and actual body and organ weight of mice used in the current study c Extracellular and cellular volume of each organ were calculated based on literature data (25) . For models 1 and 3, only organs with low permeability (i.e., the remainder compartment) require the intracellular and extracellular values d DNA content in heart, liver, and kidney were taken from Gustafson et al.
e Protein content (T macro ) in heart and kidney were fixed using literature reported cardiolipin values (27) f Kp values listed here were obtained by calculation (Eq. 5) dissociation rate constant. All the other symbols have been defined in local model 1.
Model 3
Mitoxantrone is known to bind to DNA, which represents the mechanism for its cytotoxicity. In addition to DNA binding, it has been reported that mitoxantrone can also bind to microsomal protein. To account for binding of mitoxantrone to intracellular macromolecules within tissues, we proposed a more physiologically relevant model including DNA and protein binding using the following equations:
Equations for well-stirred organs (heart, liver, kidney, brain, spleen, and lung) were:
Equations for the permeability-limited organs (the remainder compartment) were:
In the above equations, T DNA and T macro are the binding capacity of DNA and protein, respectively, and K DNA and K macro are the binding affinity of mitoxantrone to DNA and protein, respectively. All the other symbols have been defined in local models 1 and 2.
Regarding mitoxantrone tissue protein binding, although the exact macromolecules involved remain unclear, based on the fact that doxorubicin is known to bind to cardiolipin (26) , we assume that cardiolipin may also be a major representative of mitoxantrone protein binding. It should be noted that among the six tissues that were collected in our mouse study, the mouse DNA and cardiolipin content was only available in the literature for liver, heart, and kidney (17) . Therefore, the DNA and cardiolipin content, providing the T DNA and T macro values in liver, heart, and kidney were fixed to the reported experimental values (17, 27) . The unknown DNA and cardiolipin content in lung, brain, and spleen were estimated by fitting T DNA and T macro in the model. These parameters with the corresponding CV% are provided in Table II .
Data Analysis
In the data fitting, fu was fixed to 0.2 and the physiological parameters (organ intracellular and extracellular volumes and organ blood flow), T DNA in heart, liver and kidney, and T micro in heart and kidney were fixed to those values provided in Table I , The estimated parameters were hepatic and renal clearance (Cl int,H and Cl int,R ), PS, Kp (model 1), k ass (model 2), k dis (model 2), T DNA and T macro in other tissues (lung, brain and spleen, and the remainder compartment) (model 3), K DNA and K macro (model 3). All the plasma and tissue data were fitted simultaneously using the maximum likelihood estimation in ADAPT5 with following variance model:
where σ 1 and σ 2 are the variance parameters, Y(t) is the model output at time t and Var (t) is the variance associated with the output. Standard goodness-of-fit criteria including Akaike Information Criterion and Schwartz Criterion were used to evaluate the predictive capability of the constructed PBPK models.
Scale-Up from Mice to Humans
The final mitoxantrone PBPK model developed for mice was used to simulate plasma and tissue concentrations of mitoxantrone after an IV dose of 12 mg/m 2 to humans. The PBPK simulations for mitoxantrone PK in humans were performed in ADAPT 5 (version 5, Biomedical Simulations Resource, Los Angeles, CA). Human physiological parameters, including organ volume, blood flow, and human tissue DNA content, were fixed to the literature values (Table III) . It should be noted that regarding human DNA tissue content, only values for DNA content in liver, heart, and kidney are available in the literature and values for human DNA content in lung, spleen, and other tissues are unknown. However, Gustafson et al. (17) measured DNA content in rapidly perfused organs and slowly perfused organs. As lung and spleen represent rapidly perfused organs, we used the human DNA value for the rapidly perfused organs for spleen and lungs. The remainder compartment in our model includes many slowly perfused organs (including muscle, fat, bone, and skin). The human DNA content in the remainder compartment was fixed to the reported human DNA value in slowly perfused organs.
Blood and tissue distribution parameters, including fu (0.2), K DNA (0.0013 μM), K macro (1.44 μM), and T macro in different tissues (values provided in Table III ) were assumed to be identical in mammals. PSt was scaled up to humans by use of a previously described allometric equation (28):
where M is organ weight, and A and B are the coefficient and power function for the allometric relationship, respectively. A fixed value of 0.75 was used for B. PSt used in the human simulation was 31.1 L/h. Cl int , H in human was calculated with the assumption of the well-stirred hepatic distribution model:
Q H is the human hepatic blood flow, and fu (0.2) is the fraction of unbound mitoxantrone. A similar method was used to estimate renal clearance. CL H and CL R were taken from literature (19 and 2.7 L/h/m 2 , respectively) (6). Cl int , H and Cl int , R used in human simulation were 250 L/h and 27 L/ h, respectively.
RESULTS
Mitoxantrone pharmacokinetics was investigated in mice following a single IV dose of 5 mg/kg. As shown in Fig. 4 , in contrast to mitoxantrone plasma concentrations, which were low and could not be detected after 8 h, mitoxantrone concentrations in most tissues were substantially higher and were measurable even at 48 h. On the other hand, mitoxantrone brain levels were consistently low at all time points, indicating poor penetration across the blood brain barrier. It should be noted that the terminal slope of mitoxantrone from its plasma concentration-time curve was 0.176 h −1 and this value was much higher than the terminal slope of mitoxantrone in heart T DNA in heart, liver, and kidney and T macro in heart and kidney were fixed to the values provided in Table I   Table III 
4.67
These parameters were fixed for our simulations of mitoxantrone PK in humans a The blood flow rate and organ volume in each tissue were obtained based on a 70-kg man from literature data (25) b DNA content were taken from Gustafson et al. (17) c Protein content (T macro ) in different tissues were assumed to be identical among mammals and values were fixed using values obtained from mouse mitoxantrone PBPK model 3 d Human lung and spleen DNA contents used in the simulations were the literature reported human DNA content in rapidly perfused organs. DNA content in the remainder compartment used in the simulations was the reported DNA content in slowly perfused organs (17) . DNA content in the brain used in the simulations was the value obtained from the mouse mitoxantrone PBPK model 3 (0.0022 h ). Since the terminal slope of mitoxantrone in plasma eventually should be parallel with that in tissues, the much higher mitoxantrone terminal slope observed in plasma indicates that this is not the real terminal slope. The real terminal slope has not been captured by the plasma data due to concentrations being below the assay detection limit. Correspondingly, the calculated half-life (3.9 h, Table IV) using the current terminal slope (0.176 h −1 ) value will be much shorter than the real half-life. Based on the mean terminal slope of mitoxantrone in heart, lung, spleen, liver, and kidney (0.00774 h −1 ), the calculated mitoxantrone half-life is about 89.5 h in our mouse PK study.
Mitoxantrone PBPK Model in Mice
Model 1. As shown in Fig. 5a and Table IV, although this model was able to predict the overall behavior of mitoxantrone disposition in tissues, it could not capture mitoxantrone plasma data, indicating that this is not an appropriate model for determining the mitoxantrone PK profile. Moreover, the estimated Kp values (Table II) were much lower than the calculated Kp values (Table I ). The estimated intrinsic hepatic and renal clearance rates were 0.28 and 0.0051 ml/min, respectively. The estimated permeability was 3.2 ml/min. Model 2. Since mitoxantrone was extensively distributed to and slowly cleared from tissues, we proposed a model which has a deep tissue compartment, as depicted in Fig. 3 . The estimated k ass and k dis are provided in Table II . As shown in Fig. 5b , although this model captured the plasma data fairly well, the terminal slope was very steep, and consequently, the estimated mitoxantrone half-life (8.4 h, Table IV ) is much shorter than the real half-life (89.5 h). Moreover, the model fittings in a few tissues, including liver and brain, were poor. High CV% was obtained for most of the estimated parameters. The intrinsic hepatic and renal clearance values were assumed to be the same, namely 0.254 ml/min. The estimated permeability was 4.6 ml/min. Model 3. It has been reported that mitoxantrone remains in tissues for long periods due to tight binding to DNA and proteins (6, 8) . Therefore, in the current study, we constructed a PBPK model incorporating DNA and protein binding. The relationship between doxorubicin tissue partitioning and DNA content has been established by Terasaki et al. (29, 30) . Since the chemical structure of mitoxantrone is similar to that of doxorubicin, we evaluated the relationship between the Kp value of mitoxantrone and mouse tissue DNA content. It should be noted that among the six tissues that were collected in our study, murine DNA tissue content was only available for three tissues (liver, heart, and kidney) (17) . Our preliminary data indicated that the DNA content in these three tissues correlate well with the calculated Kp values of mitoxantrone in each corresponding tissue (data not shown). Therefore, in our final model 3, the T DNA in liver, heart, and kidney were fixed to the corresponding mouse DNA content which was reported by Gustafson et al. (17) . The identities of other macromolecules, besides DNA, involved in mitoxantrone tissue binding interactions are unknown. Doxorubicin has been reported to bind to anionic lipids, particularly cardiolipin (26) . Based on the structural similarity between doxorubicin and mitoxantrone, it is likely that cardiolipin may contribute to mitoxantrone tissue binding. Similar to DNA, literature reports of cardiolipin murine tissue content can only be found in some tissues, including liver, heart, and kidney (17, 27) . Initially we fixed Fig. 4 . Mitoxantrone concentrations in plasma and in six examined tissues (lung, heart, spleen, liver, kidney, and brain) following the intravenous administration of 5 mg/kg mitoxantrone in mice. Plasma and tissue levels of mitoxantrone were determined by HPLC. Three mice were used at each time point. Data are presented as mean+SD, n=3 or 4 the T macro in liver, heart, and kidney using the experimental cardiolipin values in these three tissues, with T macro in the remaining tissues being estimated. However, the combination of liver cardiolipin and DNA cannot capture mitoxantrone concentration in liver. Therefore, in our final model 3, only heart T macro and kidney T macro were fixed to the corresponding cardiolipin values, with T macro in the liver and the remaining tissues being estimated. The estimated liver T macro (514 μM) is higher than the liver cardiolipin content (44.6 μM), suggesting that other protein(s) may also be involved in mitoxantrone protein binding in the liver. As shown in Fig. 5c , this mechanism-based model was able to capture well the mitoxantrone time-concentration profiles in plasma and in various tissues. In addition, the model-predicted Cmax and AUC were in good agreement with the observed values (Table IV) . Additionally, the estimated mitoxantrone Table IV) is also close to the half-life calculated from mitoxantrone mean tissue terminal slope. The estimated values and CV% of intrinsic hepatic and renal clearances were 29.5 ml/min (22%) and 2.14 ml/min (54%), respectively. Based on the estimated intrinsic clearance, the hepatic and renal clearances were estimated to be 0.98 ml/min and 0.21 ml/min, respectively. The estimated DNA concentrations in spleen, lung, and the remainder compartment were 18.4, 16.2, and 4.82 μM, respectively. The estimated binding affinity for DNA (K DNA ) and protein (K macro ) were 0.0013 and 1.44 μM, respectively. The estimated permeability was 1.44 ml/min.
Mitoxantrone Model Simulations in Humans
A human PBPK model was generated using human parameters for organ volume, blood flow, and tissue DNA (Table III) . As mitoxantrone only undergoes moderate metabolism, with biliary and urinary excretion representing the primary elimination pathways, using in vitro microsome data may not be an appropriate method to predict the in vivo hepatic intrinsic clearance. Therefore, in the current study, the in vivo intrinsic hepatic and renal clearances of mitoxantrone in humans were estimated based on Eq. 14. The simulated results were compared with observed human data sets from two previously published studies, both of which used a standard IV dose of 12 mg/m 2 mitoxantrone (31, 32) . As shown in Fig. 6 , the predicted mitoxantrone plasma concentrations in humans were in good agreement with the observed values.
DISCUSSION
Although the disposition of mitoxantrone in plasma has been investigated by numerous studies in different species, the reported mitoxantrone half-lives vary considerably, with values ranging from 2.9 to 214.8 h (2, 6, 12) . The shorter half-life reported by many investigators is mainly due to the limited assay sensitivity: mitoxantrone levels in plasma decline very rapidly because of mitoxantrone's extensive tissue distribution and correspondingly plasma concentrations fall below the assay detection limit within a few hours. Mitoxantrone is known to be sequestered in tissues. For example, in a study conducted by Alberts et al. (33) , even at 35 days after the administration of 14 Cmitoxantrone (4.83 μCi/mg), the concentration of mitoxantrone was still relatively high in many tissues including liver, pancreas, spleen, and heart, with about 15% of the administered dose still retained in the body. The longest half-life of mitoxantrone (214.8 h) was reported by Ehninger et al. (12) , using a sensitive assay that can detect mitoxantrone concentrations as low as 1 ng/ml.
Gaining insight into the PK behavior of a therapeutic compound in different tissues, especially for those anticancer drugs which usually have extensive tissue distribution, is highly desirable for optimizing therapies. In the present study, we constructed a PBPK model for mitoxantrone, a well-established anticancer drug. The first PBPK model we tried was the classical model containing Kp values, with the examined organs described by perfusion-limited models and the remainder compartment by a permeability-limited model. However, although the tissue concentration-time profile can be predicted, this classical model was not able to capture the plasma data, with the predicted plasma values around two orders of magnitude higher than the observed values. We constructed a linear deep pool model based on the fact that mitoxantrone was sequestered in tissues for a prolonged period of time. Although the model fitting in plasma was good, it should be noted that the terminal slope was very steep, indicating that this model may underestimate mitoxantrone plasma concentrations at later times. Moreover, all predicted tissue data followed a mono-exponential decline, which was not able to capture the observed tissue concentration-time profiles.
Since the first two PBPK models did not provide satisfactory fittings, we constructed another PBPK model, with the aim of increasing the mechanistic nature of the model. Mitoxantrone, similar as other anticancer drugs such as doxorubicin and daunorubicin, is known to bind tightly to DNA resulting in cytotoxicity (9, 34, 35) . In addition to DNA binding, mitoxantrone has also been reported to bind to macromolecules in tissue, including microsomal protein. Therefore, we constructed a mechanism-based PBPK model which incorporates macromolecule binding. Terasaki et al. (29, 30 ) measured tissue DNA content in rats, rabbits, and pigs and found that doxorubicin tissue partitioning correlates well with the corresponding tissue DNA content. Gustafson et al. measured the DNA contents in different tissues in several other species, including mice, dog, and human; then they leveraged their experimental DNA data to explain the PK and tissue distribution of doxorubicin (17) . Since the chemical structure of mitoxantrone is similar to that of doxorubicin, we evaluated the relationship between Kp value of mitoxantrone and mouse tissue DNA content and our preliminary data indicated that the DNA content in these three tissues correlated well with the calculated Kp values of mitoxantrone in each corresponding tissue (data not shown). As shown in Fig. 5c , data fitting using this semi-mechanistic model was good in both plasma and tissues. The estimated DNA concentration in the remainder compartment was 4.82 μM, which is lower than the DNA content for other tissue compartments (Table II) . This relatively low content of DNA in the remainder compartment may be attributed to the low DNA concentrations in muscle and adipose tissue, both of which were included in the remainder compartment. The estimated intrinsic hepatic clearance was 25.2 ml/min; this value is much larger than the hepatic blood flow rate of mice (1.21 ml/min). This indicates that the mitoxantrone hepatic clearance in mice is liver blood flow limited. In addition, the estimated mitoxantrone hepatic clearance (0.98 ml/min) is higher than the estimated renal clearance (0.21 ml/min) and this is consistent with the report that biliary excretion is the major excretory pathway for mitoxantrone (36) . Moreover, the estimated mitoxantrone total clearance is 1.19 ml/min (i.e., 2.7 L/h/kg); this value is within the range of values reported in the literature (0.72 to 10.4 L/h/kg) (37, 38) . Additionally, the estimated binding affinity of mitoxantrone to DNA was much higher than to the second binding site, with values of 0.0013 μM for DNA and 1.44 μM for the protein binding site. It should be noted that the estimated K macro (1.44 μM) and K DNA (0.0013 μM) are at the limit of, or even beyond, the observed plasma concentration range, and therefore, the values should be interpreted with caution. Further investigation is warranted to validate these model-estimated results.
Mitoxantrone has been reported to be a substrate of BCRP with high affinity and a substrate of P-gp with moderate affinity (15, 39) . The administered dose of mitoxantrone was high (5 mg/kg) in the current study and the observed mitoxantrone concentrations in most examined tissues were higher than 5 μM over the time period of the study; this concentration is higher than the mitoxantrone concentration tested in many in vitro studies (40, 41) . The role of efflux transporters in mitoxantrone tissue distribution may not be very important considering the possible saturation of transport at these high mitoxantrone concentrations. However, it should be noted that this model was developed only using one dosage (5 mg/kg). Therefore, further investigation is warranted to evaluate this model in different dosages. In addition, the incorporation of efflux transporters may also be necessary for data obtained using low doses of mitoxantrone. It should be noted that in the current study mitoxantrone tissue samples were only collected up to 48 h. Therefore, the model results should be interpreted with caution when it is extrapolated to longer time periods. Further investigation is warranted to evaluate mitoxantrone tissue distribution over longer periods of time. As there is a need to further evaluate the role of transporters in mitoxantrone tissue distribution when mitoxantrone is administered at low doses, the development of more sensitive assays may also be required.
One attractive feature of a PBPK model is the ability to extrapolate the PK of the compound of interest from one species to other species. In the current study, based on the plasma and tissue distribution data of mitoxantrone obtained in the mouse, we successfully predicted the PK of mitoxantrone in humans using a mechanism-based PBPK model. The ability of the current model to successfully extrapolate the PK of mitoxantrone from mice to humans supports the validity of incorporation of macromolecule binding in the model development. Mitoxantrone plasma concentrations in humans drop rapidly and usually fall below the assay detection limit within a few hours. Considering the extensive tissue distribution of mitoxantrone, plasma concentration may not be a good indicator for mitoxantrone exposure at the target site or organ of toxicity. Since our semi-mechanistic PBPK model cannot only predict mitoxantrone concentrations in plasma but also in various organs, our model may also have clinical application in efficacy and safety assessment of mitoxantrone and may provide additional input for the optimization of therapy.
In summary, we reported for the first time a semimechanistic PBPK model of mitoxantrone, incorporating macromolecule binding, which is able to capture mitoxantrone plasma and tissue data in mice. We also used this model to predict plasma mitoxantrone concentration in humans, with physiological parameters scaled up from mice to humans. The predicted results generally agreed with the observed time course of mitoxantrone plasma concentrations in patients after a standard dose of 12 mg/m 2 . A shortcoming of this model is the fact that it is based on plasma and tissue data obtained after a single dose. Validation of the model using additional doses is necessary.
